Interpreting abundances of Damped Ly-α Absorbers (DLAs) from absorption-line spectroscopy has typically been a challenge because of the presence of dust. Nevertheless, because DLAs trace distant gas-rich galaxies regardless of their luminosity, they provide an attractive way of measuring the evolution of the metallicity of the neutral gas with cosmic time. This has been done extensively so far, but typically not taking proper dust corrections into account. The aims of this paper are to: i) provide a simplified way of calculating dust corrections, based on a single observed [X/Fe], ii) assess the importance of dust corrections for DLA metallicities and their evolution, and iii) investigate the cosmic evolution of iron for a large DLA sample. We have derived dust corrections based on the observed [Zn/Fe], [Si/Fe], or [S/Fe], and confirmed their robustness. We present dust-corrected metallicities in a scale of [Fe/H] tot for 236 DLAs over a broad range of z, and assess the extent of dust corrections for different metals at different metallicities. Dust corrections in DLAs are important even for Zn (typically of 0.1-0.2, and up to 0.5 dex), which is often neglected. Finally, we study the evolution of the dust-corrected metallicity with z. The DLA metallicities decrease with redshift, by a factor of 50-100 from today to ∼ 12.6 billion years ago (z = 5). When including dust corrections, the average DLA metallicities are 0.4-0.5 dex higher than without corrections. The upper envelope of the relation between metallicity and z reaches solar metallicity at z 0.5, although some systems can have solar metallicity already out to z ∼ 3.
Introduction
In the past 50 years, the launch of satellites with spectroscopic UV capability has opened up the possibility of characterizing the metal abundances in the Galactic neutral Interstellar Medium (ISM, that is, dominated by H i and singly ionized metals, e.g., Draine 2011) . A large number of studies (Jenkins 1973; Field 1974; Morton 1975; Cardelli et al. 1993; Hobbs et al. 1993; Phillips et al. 1982 Phillips et al. , 1984 Jenkins et al. 1986; Savage & Sembach 1991; Savage et al. 1992; Welty et al. 1995; Savage & Sembach 1996) have taken the opportunity to quantify the metal abundances of elements X in the Galactic ISM, [X/H] ≡ log(N(X)/N(H)) − log(N(X) ⊙ /N(H) ⊙ ). The observed abundances show large variations, which depend on the refractory properties of the observed metals. The higher the condensation temperature of a metal (as measured in the lab), the lower its abundance that we can measure in the gasphase (e.g., Field 1974; Jenkins et al. 1986; Cardelli et al. 1993; Hobbs et al. 1993; Phillips et al. 1982 Phillips et al. , 1984 Welty et al. 1995; Savage & Sembach 1996) . It became soon evident that large fractions of the refractory metals were missing from the observed gas-phase, because they were instead locked into dust grains. This phenomenon is called dust depletion. A jump forward in the understanding of dust depletion was made by Jenkins ⋆ Based on observations carried out at the European Organisation for Astronomical Research in the Southern Hemisphere under ESO programmes 065.P-0038, 065.O-0063, 066.A-0624, 067.A-0078, and 068.A-0600.
(2009), who discovered that the metal abundances in the ISM in the Galaxy correlate with each other. He found compelling dust depletion sequences for several metals, smoothly evolving from less to more dusty clouds in the Galactic ISM. However, until recently the study of dust depletion in the Galaxy was done by assuming that the underlying, intrinsic metallicity of the ISM is solar. Any deviation from solar abundances had been attributed to dust depletion.
De Cia et al. (2016) , hereafter Paper I, studied the abundances of the Galactic ISM, using data from Jenkins (2009) , and Damped Lyman-α Absorbers (DLAs) at 2 ≤ z ≤ 4 from the sample selected by Ledoux et al. (2006) , and without making any assumption on the intrinsic metallicity. DLAs are typically subsolar-metallicity systems characterized in absorption toward distant Quasars. They are associated with gas in and around low-mass galaxies (e.g., Christensen et al. 2014) , and are the largest reservoirs of neutral hydrogen in the Universe (e.g., Wolfe et al. 1995) . The large neutral hydrogen columns of DLAs (defined as N(H i) ≥ 20.3, Wolfe et al. 2005 ) shield the gas against ionization (which is otherwise crucial for systems with lower N(H i), Viegas 1995; Vladilo et al. 2001; Péroux et al. 2007 ; Ledoux et al. 2009; Milutinovic et al. 2010; De Cia et al. 2011 Vreeswijk et al. 2013) . Thus, the metallicity measurements do not depend on difficult ionization corrections. In addition, the existence of the same correlations of relative abundances (dust depletion sequences) in different environments such as the Milky Way, the Magellanic Clouds, and DLAs suggests that DLAs behave like ISM gas, where dust grains can grow in A&A proofs: manuscript no. metz a similar way (De Cia et al. in prep.) . Gas from DLA can in fact include different ISM-like phases such as the warm neutral medium, the cold neutral medium, and the diffuse molecular gas (e.g., Draine 2011) , it can extend well outside the stellar disks as extra-planar gas, but does not have the full extent of the halo (Pontzen et al. 2008; Marasco & Fraternali 2011; Lehner et al. 2015; Tumlinson et al. 2017 ). Local gas-rich dwarf galaxies, which may resemble part of the DLA population at different z, are gas dominated (gas-to-baryonic fractions of 50-90%) and their main H i disks are more extended than their stellar disks by a factor of four on average (Lelli et al. 2016) .
Because DLAs trace gas-rich galaxies out to high redshift, and regardless of their luminosity, they provide an attractive way of measuring the evolution of the metallicity of the neutral gas with cosmic time. This has been studied extensively (Prochaska et al. 2003; Kulkarni et al. 2007; Dessauges-Zavadsky 2008; Rafelski et al. 2012 ), but without taking the effect of dust into account. Several studies have recognized that dust depletion is an important phenomenon for DLAs too (e.g., Pettini et al. 1994; Kulkarni et al. 1997; Vladilo 1998; Pettini et al. 2000; Savaglio 2001 ; Ledoux et al. 2002; Prochaska & Wolfe 2002; Vladilo 2002; Dessauges-Zavadsky et al. 2006; Rodríguez et al. 2006; Meiring et al. 2006; Vladilo et al. 2011; Som et al. 2013; De Cia et al. 2013; Quiret et al. 2016; Wiseman et al. 2017) . Calura et al. (2003) and Lanfranchi & Friaça (2003) have studied the chemical evolution in DLAs taking some correction for dust depletion into account, based on the dust-correction models of Vladilo (2002) . Savaglio (2006) presented simplified rough dust corrections, sometimes even based on the column density of an individual metal, such as iron. We developed a method to characterize dust depletion without any assumption on the gas metallicity. This was achieved through the study of relative abundances, [X/Y] = log(N(X)/N(Y)) − log(N(X) ⊙ /N(Y) ⊙ ), of several metals with different nucleosynthetic and refractory properties. The amount of dust in a system can be traced by the observed [Zn/Fe], because Fe is much more depleted than Zn, and the two elements tend to follow each other nucleosynthetically, at least in the metallicity range of interest here (−2 ≤ [M/H] ≤ 0, see Sect. 6). Other ratios, such as [Ti/Si] or [Si/S] can be also used (see correlations with [Zn/Fe], Paper I), but are typically less constrained. In Paper I, we discovered tight correlations between relative abundances, for DLAs as well as for the Galaxy ISM. This way we could determine the dust depletion in each system, based on the observed relative abundances, and in particular [Zn/Fe] , and without assumptions on the reference metallicity of the gas. With this method, it is now possible to first determine the dust depletion from the relative abundances, and then correct for dust depletion and derive the dust-corrected, total gas metallicity, in a fairly accurate way.
In this paper we develop and provide a way of calculating dust-corrected metallicities (Sect. 2), which is simplified with respect to Paper I and is based on an observed [X/Fe]. We then apply this method to the largest possible DLA sample with [X/Fe] measurements and a broad range in redshift z (Sect. 3). In Sect. 4 we assess the importance of dust corrections in the DLA population. Finally, we show the evolution of the neutral gas metallicity with cosmic time (Sect. 5), taking dust corrections into account. These corrections, as we discuss below, are crucial for metalrich systems. We discuss potential selection effects and caveats in Sect. 6, and summarize our results and conclusions in Sect. 7.
Dust corrections
In Paper I, we found robust dust-corrected metallicities based on the simultaneous study of the abundances of several metals and on the dust depletion sequences, which were globally discovered for the whole sample of DLAs and Galactic clouds. Such dust corrections, based on the observations of several metals, are the most reliable.
However, often only a limited subset of metals can be constrained. Therefore we have derived and tested here a simplified method to calculate dust corrections, based on a single abundance relative to Fe, [X/Fe]. We call this method the singlereference method.
Based on [Zn/Fe]
When available, this method uses [Zn/Fe] to estimate the dust depletion given the depletion sequences of Paper I. The first step is to calculate the depletion of an element X as follows:
where the coefficients for Fe are A2 Fe = −0.01 ±0.03 and B2 Fe = −1.26 ± 0.04, and the full list of coefficients for each metal is reported in Table 3 of Paper I. The dust-corrected metallicity reference is then: , and some allowance for the uncertainty on the slope parameter B1 X , which we assumed to be 0.07 dex (from Paper I). The coefficients for the depletion sequences in Eq. 1 were calculated in Paper I making a small assumption on the distribution of the α-element enhancement with metallicity, namely that the α-element knee in DLAs is located at the same metallicity as in the Milky Way. This is not necessarily true because local low-mass galaxies show an α-element knee at lower metallicities (de Boer et al. 2014) . Nevertheless, this assumption has a minimal effect on the calculation of the dust-depletion sequences. 
where [X/Fe] are the observed abundances, and we equated [Zn/Fe] to [Zn/Fe] exp to derive Eq. 4 from Eq. 3. The coefficients for Si (S) are A1 Si = 0.26 ± 0.03 and B1 Si = −0.51 ± 0.06 (A1 S = 0.25 ± 0.03 and B1 S = −0.23 ± 0.07). The full list of coefficients for each metal is reported in Table 2 of Paper I. The coefficient used in Eq. 3 were measured in Paper I on a purely empirical basis, and are not subject to any assumptions. Indeed, the empirical correlations between [X/Zn] and [Zn/Fe] are observed for several metals, including α-elements. This means that possible enhancement of Si and S will be already naturally accounted for in these empirical correlations, and thus it is not necessary to make any assumption on α-element enhancement.
Robustness of the method
We tested the reliability of the single-reference method on the DLA sample of Paper I, for which we have robust dust-corrected metallicity [M/H] tot based on the observations of several metals. In Fig. 1 We note that in Fig. 1 there are two strong outliers in the relations, all associated with Si measurements with fairly large errors, namely Q 1444-014 and Q 2359-022 1 . This has no tangible effect for this work, because we aim at characterizing the whole population and such outliers are statistically not important. However, possible fluctuations should be taken into account when using the single-reference method based on [Si/Fe] to correct for dust depletion in a given individual system.
The potential non-accuracy of the column density measurements may introduce some bias, in particular for the large sample (see Sect. 3). Indeed, in 47 cases the [Zn/Fe] exp is negative in the large sample 2 , resulting in a non-physical positive depletion, for which we assigned δ X ≡ 0 (that is, no dust correction needed). However, only three out of these systems have actual Zn measurements ([Zn/Fe] = −0.15, −0.32, −0.02 dex), the others are derived from either [Si/Fe] Fe] < 0.1 dex) for a close inspection. All these cases (11) revealed problems, for example saturation of the Si ii lines used is underestimated, especially in low-resolution data. The details of these measurements are reported in the Appendix.
The reliability of [Zn/Fe] as a dust indicator
In this paper we derived dust corrections based on the observed or expected [Zn/Fe] . The underlying assumption is that Zn and Fe trace each other nucleosynthetically. Zn is not strictly an ironpeak element, and it is produced in both core-collapse and Type Ia SNe (e.g., Nomoto et al. 1997) , in quantities that depend on the adopted SN model. A flat [Zn/Fe] (and slightly supersolar) is observed in the Galactic stellar populations for −2 ≤ [M/H] ≤ 0 (e.g., Sneden et al. 1991; Saito et al. 2009, using LTE estimates) . There are strong (+0.5 dex) deviations from this at lower ([M/H] < −3) and higher metallicities (e.g., Primas et al. 2000; Nissen et al. 2007 ). In particular, Nissen et al. (2007) showed that, when non-LTE effects in Galactic stellar abundances are taken into account, Zn behaves somewhat like an α-element, but with a very small [Zn/Fe] amplitude (0.1-0.2 dex) and an α-element "knee" at low metallicities (∼ 1 dex lower than for the other α-elements). Nissen & Schuster (2011) Stellar measurements of [Zn/Fe] can vary dramatically, in gas-poor environments such as dwarf spheroidals (Skúladóttir et al. 2017 ) and the inner bulge of the Milky Way (Barbuy et al. 2015; Duffau et al. 2017 ). However, gas-rich environment, such as the Milky Way disk, the Magellanic Clouds, and DLAs, do not show this effect in their gas component (e.g., De Cia et al. in prep.) , where the contribution from different stellar populations have slowly been reprocessed in the gas. It is possible that the [Zn/Fe] zeropoint is slightly off, perhaps down to −0.2 dex, as discussed in Paper I. The truncation in the distribution of the δ Zn (Fig. 2 ) may also support the possibility of such small offset. In the [Zn/Fe] = −0.2 dex offset case, Si would be depleted by 0.1 dex more heavily than with the current assumption, and much less than this for S and Zn. This would slightly push up the metallicity, by less than 0.1 dex, at the high-z end.
Data
We calculated dust-corrected metallicities [Fe/H] tot for DLAs taken from different samples. First, we included the DLAs from Paper I, which have robust dust-corrected metallicities derived from studying simultaneously all metals. Then we selected the DLAs using two approaches, which we called the clean and the large samples, as explained below.
The clean sample
We selected DLAs that have high-quality data and which abundances can be trusted, in the sense that are all based on high-resolution spectroscopy and we have checked them thoughroughly. For this we resourceed to the "quality" selection of Møller et al. (2013) , which includes data from Ellison et al. (2012) , Péroux et al. (2006) , Pettini et al. (2000) , Péroux et al. (2008) , Rao et al. (2005) , Meiring et al. (2011 ), Pettini et al. (1999 at z < 2, and Ledoux et al. (2006) and Rafelski et al. (2012) at higher z. We also include the metal-rich DLAs from Ma et al. (2015) , Fynbo et al. (2017) , Noterdaeme et al. (2017) , and Noterdaeme et al. (2010) . The latter is not strictly a DLA, but fulfils the log N(H i) ≥ 20 criterion adopted in Paper I. The clean sample comprises 24 systems in total. The purpose of the clean sample is to monitor the corrections that we needed to apply to metallicities due to dust depletion, based on reliable relative abundances. However, this selection is not necessarily representative of the whole DLA population. In particular, the paucity of DLAs at high and low redshift makes it statistically incomplete. We therefore did not use this sample to assess the evolution of metallicity with redshift, but only to control the required dust corrections. To bypass this lack of completeness, we also considered the largest available DLA sample, below. Further potential biases are discussed in Sect. 5.
The large sample
We applied the dust correction to as many DLA abundances as available in the literature, with sufficient relative abundances measurements to derive a sensible dust-correction. For this, we sourced the recent literature collection of Berg et al. (2015a) . 3 We also included the metal-rich DLAs from Ma et al. (2015) , Fynbo et al. (2017) , Noterdaeme et al. (2017) , Noterdaeme et al. (2010) , and two z ∼ 5 absorbers from Poudel et al. (2017) . Two of these additional systems are not strictly DLAs, but fulfil the log N(H i) ≥ 20 criterion adopted in Paper I. The total number of DLAs in this sample is 236, which is comparable to the sample of Rafelski et al. (2012) and its high-z extension (Rafelski et al. 2014) . While the sample of Berg et al. (2015a) is originally much larger (almost 400 DLAs), we filtered those DLAs where Fe and at least another metal were well constrained to allow proper dust corrections. The purpose of the large sample is to provide dust-corrections for all literature DLAs, and furthermore to investigate the evolution of dust-corrected metallicity with redshift. Possible biases are discussed in Sect. 6.
The importance of dust corrections
Dust corrections are important, and crucial for metal-rich systems. Figure 2 shows the overall distributions of depletions for Zn, Si, and Fe, in the large sample. Figure 3 shows the extent 3 There is a small discrepancy between the log N(H i) for J1208+0010 between the values originally reported by Rafelski et al. (2014) and later by Berg et al. (2015a) . We use the former value log N(H i) = 20.30 ± 0.15, because regarded as more reliable (Berg, private communication) . There are five potential duplicates inside the large sample: 1) J0035-0918; 2) QSO0201+36 and QSO0201+365; 3) J1340+1106 and Q1337+113, 4) B1036-2257 and Q1036-2257, and 5) J1356-1101 and Q1354-1046. These are likely due to different naming of the same quasars in different works. However, we did not attempt to investigate the origin of these potential duplicates and which measurements are the most reliable, but used the results as reported by Berg et al. (2015a) . of the depletions of Zn, Si, and Fe in the clean sample with the dust-corrected metallicity. Each individual system is represented by a value of δ Zn , δ Si , and δ Fe in this plot. Clearly, the dust corrections increase with metallicity. Typically Zn is depleted by ∼0.1-0.2 dex in most DLAs, but depletes up to 0.5 dex for the most metal-rich DLAs (Ma et al. 2015; Noterdaeme et al. 2017) . As a comparison, in the Galaxy Zn depletes up to 0.67 dex in the dustiest Galactic lines of sight (ζ Oph, e.g., Savage & Sembach 1996) . Therefore [Zn/H] is not a dust-free measurement of metallicity, and thus not necessarily a good metallicity estimator without dust corrections. Silicon and iron deplete up to 1.1 and 2.30 dex, respectively, in our samples. Even for less dusty, metalpoor end, Zn, Si, and even more Fe, can be still easily depleted, of about ∼ 0.1, ∼ 0.3, and ∼ 0.5 dex for systems with [Zn/Fe] = 0.4, for Zn, Si, and Fe, respectively.While a significant fraction of DLAs have very little dust depletion, and therefore has a low dust and metal content (as well as molecules, e.g., Petitjean et al. 2000; Noterdaeme et al. 2008; Ledoux et al. 2009) , it is evident that systems with more dust and molecules do exist and are an important part of the DLA population. The [Fe/H] tot is a measure of the total, dust-corrected metallicity, without influence of α-element enhancement. These can be compared to stellar [Fe/H] . However, while stellar abundances typically have a wide range of abundances for a given galaxy (e.g., Tolstoy et al. 2009 ), the ISM is the product of a longer-term reprocessing and recycling of metals in the gas, and has a narrower range of metallicities (e.g., Krumholz & Ting 2017) . For the Galaxy, the neutral ISM metallicity is typically assumed to be solar (e.g., Savage & Sembach 1996; Jenkins 2009 ). In addition, there may be some ISM metallicity gradients from the inner to the outer regions of the galaxies, which for DLAs should be shallow (e.g., 0.022 dex/kpc Christensen et al. 2014) . The position of the knee of the α-element enhancement distribution depends on the mass of the galaxy, where lower mass galaxies show the α-element knee at lower metallicities Tolstoy et al. (2009); de Boer et al. (2014) . When dust depletion is taken into account, the intrinsic [α/Fe] in DLAs are not strongly enhanced (as also remarked by Vladilo 2002) . α-element enhancement levels similar to the Galaxy have been observed in DLAs with lowmetallicity (Paper I). Further analysis on the [α/Fe] in DLAs will be presented in De Cia et. al., in preparation. Figure 4 shows the evolution of dust-corrected [Fe/H] tot with z for the DLAs of the large sample. The dust-corrected metallicities for the clean and the large sample are reported in We fit a linear relation to the data, where errors on both x and y data are considered, and including the intrinsic scatter σ int . 4 The extent of the intrinsic scatter resulting from this fit is shown in Fig. 4 . The error estimates of the linear fit to the data are correlated, because the majority of the data is centered around z = 2.5. In this case, the uncertainty on the zero-intercept is 0.11 dex, but suffers from this inter-dependence. A linear fit to the data, but with a displaced origin at z = 2.5, does not suffer from this effect. In this case, the uncertainty on the zero-intercept is 0.04 dex and we used this value. The results from the linear fit to the data are reported in Table 1 .
Metallicity evolution with cosmic time
We stress that the mean DLA metallicity is not necessarily the cosmic mean metallicity of the neutral gas, because the DLA sample may be incomplete. Biases and completeness are discussed in Sect. 6. In addition, the cosmic mean metallicity of the neutral gas should be calculated by weighting the DLA metallicities for the N(H i) content of each system, to avoid giving too much importance to the low-metallicity systems which carry less gas. Although our sample is unlikely complete at all redshifts, we calculated the mean DLA metallicity, weighted for the N(H i) content, in bins of redshift (z < 1, 1 ≤ z < 2, 2 ≤ z < 3, z ≥ 4). The weighted metallicity is shown in Fig. 4 , where the uncertainties are the standard deviations of the metallicities and redshifts of the DLAs in each redshift bin. We derived the linear fit to the weighted metallicities using the MPFITEXY fitting routine described above. The results from this fit are reported in Table 1 .
We compare our results with those of Rafelski et al. (2012) , because it was the largest study of DLA metallicity evolution with z until now. The mean DLA metallicity [Si/H] = −0.65 + (−0.22×z) of Rafelski et al. (2012) , shown in Fig. 4 , was derived without dust-corrections and weighting the metallicities with the N(H i) content. The drop at high redshift is an extrapolation of the results of Rafelski et al. (2014) , which extended the analysis of Rafelski et al. (2012) with a sample of high-z DLAs. We stress that in Fig. 4 we show a scale of [Fe/H] tot , while Rafelski et al. (2012) and Rafelski et al. (2014) used a scale of [Si/H] . These authors use either the observed Zn, Si or S metallicity, or otherwise the Fe metallicity enhanced by a systematic value of 0.3 dex to compensate for possible α-element enhancement. Thus, the dashed blue curve may in fact be lower than in Fig. 4 . Nevertheless, we decided not to apply any shift, because the α-element en-
int , where σ int is the intrinsic scatter of the data around the model ("Nukers' Estimate"; Tremaine et al. 2002) . The value σ int is automatically scaled to produce a reduced χ 2 ν ∼ 1. We adopted an initial guess for σ int of 0.1 dex. 5 This also artificially compensates for some dust depletion by a mean depletion of iron of 0.3 dex into dust. However, this value is arbitrary and is far from the necessary dust corrections for Fe in DLAs, as we discuss below. hancement is likely metallicity dependent, and we did not make any assumption on [α/Fe] in this work.
We also compare our results with those of Vladilo (2002), who studied the cosmic evolution of iron metallicity in a small sample of DLAs including independent dust corrections. We obtained the same slope of the metallicity evolution found by Vladilo (2002) , which is a reassuring result for both methods. The improvement with respect of the former work is more simplicity and less assumptions for the dust-correction method presented here, and the larger size of the DLA sample.
The metallicity of DLAs decreases with z, and the correlation is significant, as confirmed by the correlation coefficients and low null-hypothesis probabilities (reported in Table 1 ). The slope that we find is 0.1 dex per unit z steeper than what was previously found by Rafelski et al. (2012) , where no dust corrections were applied. Rafelski et al. (2012) find a slope of −0.22 ± 0.03 dex (without dust corrections but weighting DLA metallicities by the H i content) and we find −0.32 ± 0.04 dex (with dust corrections but not weighting DLA metallicities by the H i content). While the difference is not large, compared to the formal uncertainties in the slopes. Nevertheless, we note that a steeper slope can be expected with the inclusion of dust corrections, as also confirmed by Vladilo (2002) who found the same slope of ∼ −0.32 with an independent method. A more consistent comparison with the work of (Rafelski et al. 2012 ) is found when weighting the DLA metallicities for the N(H i) content of each system provides. In this case, we find a slope of the metallicity vs redshift relation of −0.24 ± 0.14 dex, which is very similar to Rafelski et al. (2012) , but normalized to 0.4-0.5 dex higher metallicities than in that work, because of the dust corrections.
In the analysis of our samples we find a significant difference with the previous results on the metallicity evolution of the neutral gas at low z, that is, about 0.3 dex higher metallicities than without taking dust corrections into considerations (Rafelski et al. 2012) , and up to 0.5 dex higher metallicities when weighting the mean DLA metallicity by the H i content.
This arises mostly from the fact that it is indeed in the metal-rich regime that dust depletion is strongest, and even for Zn and Si, which is often not considered. On the high-z end, we do not find evidence for a steepening in the metallicity evolution, but more DLA measurements are needed to solidly compare to previous results (e.g., Rafelski et al. 2014) .
Interestingly, the evolution of metallicity with z that can be found using DLAs (in absorption) is much steeper that what has been found for galaxies in emission, even taking different mass bins into account, while the low-z results may be consistent (e.g., Hunt et al. 2016) . Determining the metallicity from emission lines may be challenging at high z (e.g., Kewley & Ellison 2008) . However, we expect the gas probed by DLAs to be physically more extended than the classical ISM that is illuminated by stars in disks and shows the strong emission lines. Thus, the metallicities in absorption and emission do not have to necessarily agree. Comparing our results for the neutral gas with the metallicity evolution of the ionized gas, traced by lower H i absorbers (log N(H i) < 19), we confirm that DLAs lack the very low metallicities observed in low H i systems, which are thought to be related to the circumgalactic or intergalactic medium (Lehner et al. 2016) .
The relation of metallicity with redshift shows a large scatter, of about 0.5 dex, similarly to what had been previously found by, for example, Rafelski et al. (2012) and Neeleman et al. (2013) . At any given z, we expect that DLAs may select galaxies with a range of different masses and metallicities. Dvorkin et al. (2015) calculated that environmental effects such as halo abundance, mass and stellar content produces a scatter in the relation of metallicity with redshift for DLAs of at least 0.25 dex in metallicity. Thus, the scatter of the metallicity vs redshift relation is physical, and it reflects a spread in metallicity (and mass, due to the mass-metallicity relation, e.g., Tremonti et al. 2004) . Galaxies with lower masses and metallicities are expected to lie in the lower envelope of the relation of metallicity with cosmic time, and galaxies with higher masses and metallicities in the upper .
envelope. Massive galaxies like the Milky Way are rare among DLAs, but they do exist (e.g., Ma et al. 2015; Noterdaeme et al. 2017) . Interestingly, the upper envelope of the metallicity vs redshift relation at low z reaches solar metallicities, and a few DLAs have supersolar metallicity at moderate z. For a discussion on the mass-metallicity relation in DLAs and its extensions see Ledoux et al. (2006) , Prochaska et al. (2008) , Møller et al. (2013) , Neeleman et al. (2013) , Christensen et al. (2014) , and Arabsalmani et al. (2015) . The extent of the scatter can in principle carry important information on these scaling relations. However, selection biases and incompleteness influence the extent of this scatter. For example, the fact that the scatter seems larger at 2 z 3.5 is the effect of lower and higher z ranges having less measurements due to an observational bias, as we discuss in the next Section.
In Fig. 4 we show a linear fit to the metallicities with respect to redshift, and show the cosmic time scale, converted using the relation between time and redshift for a flat Universe (e.g., Thomas & Kantowski 2000) , and assuming H 0 = 67.8 and Ω M = 0.308 (Planck Collaboration et al. 2016) . A linear fit to the data along the time axis does not provide a good description of the data, especially at low and high z, meaning that the distribution of metallicity with time is not linear 6 . This is in accordance with cosmic chemical evolution models, 6 The χ 2 of the linear fit of metallicity with redshift and time are comparable, because dominated by the large physical scatter of the relation. Nevertheless, the residuals of a linear fit of metallicity along the time which generally predict an evolution of metallicity with cosmic time that is linear with z, at least out to z ∼ 4 or so (e.g., Pei & Fall 1995; Calura et al. 2003; Tumlinson 2010; Matteucci 2012; Gioannini et al. 2017 ). In the linear time frame, this reflects a flattening of the increase of metallicity below z ∼ 1-2. Indeed, the cosmic starformation density (and, broadly speaking, the buildup of metals) increases with the age of the Universe and peaks around z ∼ 1-2 (e.g., Madau et al. 1998 ). While we find overall agreement between our observations and some chemical evolution models (e.g., Pei & Fall 1995; Tumlinson 2010 ), a careful comparison with different models is beyond the scope of this paper and should be addressed in detail in the future.
Biases, (in)completeness, and caveats
Through DLAs we probe the evolution of the metallicity of the neutral gas with cosmic time. The mean metallicities that we find are not necessarily representative of the mean metallicity of galaxies or the mean metallicity of the Universe, and they only refer to the neutral gas content of galaxies. In this section we discuss what are the possible biases that could affect our selection of DLAs with respect to the global population of DLAs.
Typical flux-limited studies of galaxies (that is, observing the stellar, gas, molecular, or dust emission) are biased toward axis show a trend and completely fail at reproducing low-z metallicities. Fig. 4 . σ int is the intrinsic scatter of the correlations. r and ρ are the Pearson and Spearman correlation coefficients, respectively, and are listed with their respective null-probability (p r and p ρ ).
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A B σ int r p r ρ p ρ LARGE −0.36 ± 0.04 −0.32 ± 0.04 0.55 −0.44 4.E − 14 −0.47 4.E − 16 LARGE, H i-weighted −0.18 ± 0.21 −0.24 ± 0.14 0.10 −0.98 4.E − 03 −1.00 0.E + 00 the brightest objects. This is not true for DLAs, although potential dust obscuration may have an effect on the selection of the background QSOs themselves, as we discuss below. DLAselected galaxies do not suffer from this bias against faintest targets, but instead from different and complementary biases. DLAs are selected from the cross-section of the gas around galaxies of different kinds, including low-mass faint galaxies. The gas in larger galaxies can extend to larger distances (see Fynbo et al. 2008; Krogager et al. 2017 , for how this impacts DLA selection and searches), and thus impact parameters may be biased toward large values. This may in turn produce a bias in the observed metallicity, in case of strong radial gradients. However, such gradients should be shallow in DLAs (e.g., 0.022 dex/kpc, Christensen et al. 2014 ). In addition, low-mass galaxies are the most common in number (e.g., Fontana et al. 2004 ).
As mentioned above, the selection of QSOs behind DLAs may be biased by the presence of dust in the absorbers. Indeed, if the background QSO is obscured by dust, it may simply be missed by the surveys. Some studies have suggested that this could a strong bias (e.g., Vladilo & Péroux 2005) . On the other hand, low reddening has been found in most systems, also when including dust-independent selection methods of the QSO (radio or X-ray selections, Ellison et al. 2005; Vladilo et al. 2008; Krogager et al. 2016a) . Moderately highly reddened systems are rare but exist (Noterdaeme et al. 2009; Krogager et al. 2016b; Fynbo et al. 2017) . The effect of dust obscuration acts more strongly on systems with higher dust columns, perhaps more dusty and metal-rich systems which are more common at low z. If we were missing some of these metal-rich and dusty systems at low-z, the metallicity evolution curve could be even steeper than what we find. However, at high z the rest-frame UV emission of the background QSOs is more efficiently absorbed by dust than the low-z rest-frame optical (e.g., Savaglio 2015) . Thus, this bias may be stronger at high z, but on the other hand there is decreasing dust content at higher z, mitigating this effect. Overall, the dust obscuration bias should be small given what we have discussed above, but quantifying this effect is beyond the scope of this paper. Pontzen & Pettini (2009) have quantified that only 7% of DLAs may be missing due to dust obscuration bias.
Another bias that may be dependent on z is the metal selection. Because Zn is more difficult to measure due to its fairly weak lines, it is virtually never observed at high z (never at z > 3.5 in our large sample). On the high-z end, the easiest and common metals to measure are Si and Fe. As we discussed in Sect. 2, there is some effect on the dust corrections calculated only based on the observed [Si/Fe], and these affect mainly the very low metallicity systems by underestimating their metallicity (making a slightly steeper metallicity evolution curve). In this paper we have corrected for this effect, but it is useful to keep this in mind. On the high-z end, estimating H i is increasingly challenging because of the Ly-α forest becoming more crowded. The H i column density measurements must rely on the onset of the red dumping wing, and this may perhaps introduce large systematic uncertainties (> 0.3 dex).
In addition, low-z DLAs are selected in a different way than at high z. Indeed, Ly-α is redshifted into the optical range above z 2, and the DLA identification can be done from ground-based observations. On the other hand, UV observations are needed to identify low-z DLAs, and these are often selected from Mg ii absorbers (e.g., Petitjean & Bergeron 1990; Rao & Turnshek 2000) , which may in principle have different overall properties than classical DLAs, such as higher metallicity. However, this effect seems negligible, that is, the Mg iiselected DLAs do not show higher metallicities than the nonMg ii-selected DLAs (Rao et al. 2017 ). For Mg ii-selected DLAs to represent the mean cosmic metallicity of the neutral gas, the distribution of their kinematics properties (or Mg ii equivalent width) should resemble the true population (Rao et al. 2017) . In general, the derived mean metallicity can be considered the mean cosmic neutral-gas metallicity only for a complete sample, that is, if the selected DLA sample represents well the true population of DLAs (in terms of Mg ii strength, kinematics, N(H i) distribution, or mass). We attempt to calculate the mean cosmic metallicity of the neutral gas in galaxies by weighting the mean DLA metallicity by the H i content of each system. This is only valid if the sample is complete.
The completeness of the sample determines how well the given set of data represents the overall population of DLAs, and this also varies with z. Indeed, the majority of DLAs are observed at 2 z 3.5. One way of assessing the completeness of our sample is by studying its N(H i) distribution, which is shown in Fig. 5 for different redshift intervals. In the redshift range of about 1.5 < z < 3.5 the N(H i) distribution is similar to that of the large Sloan Digital Sky Survey (SDSS-DR5) DLA sample , and of the Ultraviolet and Visual Echelle Spectrograph (UVES) DLA sample of Noterdaeme et al. (2008) , which was scaled to compensate for completeness biases. In this z interval we can therefore assume that the completeness is high, also given that other biases discussed above seem to be limited. On the other hand, at lower and higher z the sample is still relatively small, and therefore we are missing the most extreme and rarest objects, on both the high-and low-metallicity envelopes of the metallicity evolution curve. For example high-N(H i) systems are missing in at low and high z (see Fig. 5 ), although these systems are very rare (Noterdaeme et al. 2014) . Incompleteness is particularly severe at z 0.5 and 4.5, where only a few measurements are available in our sample. The scatter of the metallicity evolution with redshift is heavily affected by incompleteness at high and low z, and we therefore refrain from studying it further in this paper.
Summary and conclusions
We developed a simplified method for calculating dust corrections to metal abundances (which we called the single-reference method), and confirmed the robustness of this method by comparing the dust corrections to the solid ones derived in Paper I by studying several metals simultaneously. We applied the new dust corrections to two DLA samples with published abundances: i) a selection of high-quality measurements (the clean sample), and ii) the largest number of available measurements (the large sample). From our analysis we conclude the following.
1. Dust corrections are important. Even Zn, which is often considered undepleted, can be depleted in DLAs, by typically 0.1-0.2 dex and up to 0.5 dex (Sect. 4). 2. Dust corrections are most crucial for more metal-rich systems. The depletions of Zn, Si, and Fe are shown in Fig. 3 as a function of dust-corrected metallicity. 3. The DLA metallicities decrease with redshift. After including dust corrections, the slope of the metallicity decline with z is steeper than what had previously found. Our best fit to the large sample yields [Fe/H] tot = −0.36 − 0.32 × z, with a large internal scatter of 0.55 dex (Sect. 5). When weighting the mean DLA metallicity by the H i content, we find [Fe/H] tot = −0.18 − 0.24 × z. 4. The average DLA metallicity is 0.4-0.5 dex higher than what previously thought, when taking dust corrections into account. 5. We do not find evidence for a steepening of the evolution of metallicity at high z. However, more measurements are needed to draw solid conclusions on the high-z regime. 6. We derived the cosmic evolution of dust-corrected metallicity of iron in the neutral gas, [Fe/H] tot . This scale carries no assumptions on the α-element enhancement. 7. The scatter of the relation of metallicity with z is physical.
At any given z a range of galaxies metallicities (and masses) is indeed expected. However, possible biases due to selection effects may affect the extent of the scatter. 8. The upper envelope of the relation of metallicity with z reaches solar metallicity at low z. 9. We confirm that the DLA metallicity evolution with cosmic time supports the scenario where DLAs are associated with gas in and around galaxies with a wide range in metallicity and mass. While they have predominantly low metallicities and masses, DLAs can occasionally select also more metalrich and massive systems. 10. The dust-corrected metallicity of the neutral gas in galaxies decreases by a factor of ∼ 50-100 from today to z = 5.
1. J0233+0103 was reported to have [Si/Fe]= 0.11 ± 0.07 (Berg et al. 2015b ), but the upper limit on N(Si ii,1808) is likely underestimated, because it is inconsistent with Si ii 1304 which is clearly saturated. Therefore [Si/Fe] should be higher than reported. 2. For Q2222-3939, Berg et al. (2015a) reported [S/Fe] = 0.00 ± 0.04 referring to the measurements of Noterdaeme et al. (2008) and Zafar et al. (2014) . However, no information about the S ii and Fe ii profiles is given in Noterdaeme et al. (2008) . The measurement of Zafar et al. (2014) log N(S ii) = 14.25 seems well estimated, but again no information on Fe is available. From a quick look at the UVES data the Fe ii 1081 and S ii 1259 features show a similar strength, which may imply [S /Fe] ∼ +0.3 dex. 3. J0234-0751 was reported to have [Si/Fe] = 0.10 ± 0.09 (Dutta et al. 2014 ). While Fe ii seems well estimated, the N(Si ii,1808)
is underestimated due to continuum placement. Therefore the reported [Si/Fe] should be considered as a lower limit. 4. UM673A is the only DLA in this subsample to have a Zn measurement. Cooke et al. (2010) reported [Zn/Fe] = −0.32 ± 0.00.
The N(Zn ii) and N(N iii) seem abnormally small compared to the other species (for which stronger lines are used in the fit). The measured N(S ii) suggests that the Zn column may be 0.5 dex larger. The fit of on the Fe ii features may be affected by the extremely small b values assumed in components 1 and 3. Finally, uncertainties in N(Zn ii) and N(N iii) are highly underestimated. 5. Q2344+12 was reported to have [Si/Fe] = 0.11 ± 0.03 (Prochaska et al. 2001 , from high-resolution spectra. While the Si ii,1304 estimates seem reasonable, all Fe ii lines are in the Ly-α forest and likely blended. Hence, the reported [Si/Fe] should be considered as a lower limit. 6. J1241+4617 was reported to have [Si/Fe] = −0.03 ± 0.04 (Rafelski et al. 2012 ), but from low resolution spectra and the absorption lines show a narrow profile. Si ii 1526 and 1304 are saturated, and therefore the reported column densities should be considered as lower limits. Fe ii 1608 may also be saturated and blended. Therefore the reported [Si/Fe] should be most likely be considered a lower limit. 7. For J1558-0031, Berg et al. (2015a) reported that [Si/Fe] = 0.09 ± 0.04 referring to the analysis of Henry & Prochaska (2007) for high resolution spectra. However, there is no sufficient information on the Fe ii 1608 line profile. The Si ii 1304 absorption in O'Meara et al. (2006) is likely saturated, and the quoted error (0.01 dex) seems underestimated, because it highly depends on the b value. 8. J1201+2117 (z = 4.1578) was reported to have [Si/Fe] = −0.07 ± 0.04 (Rafelski et al. 2012 ) from high-resolution spectra. The
Si ii 1526 transition is composed of two narrow components, and may be saturated, and therefore we expect a lower limit for N(Si ii). Fe ii 1608 seems blended in the blue part of the profile, and therefore we expect an upper limit on N(Fe ii). Thus, the quoted [Si/Fe] should be considered as a lower limit. 9. J1042+3107 reported a [Si/Fe] = 0.05 ± 0.03 (Rafelski et al. 2012 ). However, low-resolution spectra are used to estimate the column densities, and Si ii 1526 may be saturated. Therefore the quoted [Si/Fe] should be considered as a lower limit. 10. J1607+1604 reported a [Si/Fe] = 0.03 ± 0.06 from high-resolution spectra. While N(Si ii, 1304) seems well estimated, Fe ii 1608 is likely blended. Therefore [Si/Fe] should be considered as a lower limit. 11. J0831+4046 reported a [Si/Fe] = 0.07 ± 0.08 (Rafelski et al. 2012 ). However, low-resolution spectra are used to estimate the column densities, and Si ii 1526 may be saturated. In addition, Fe ii 1608 may be blended. Therefore the quoted [Si/Fe] should be considered as a lower limit. The uncertainties are likely underestimated.
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Appendix C: Tables of dust-corrected metallicities

